ABSTRACT Two experiments were conducted to examine the calcium requirements of broiler chickens fed corn-soybean meal diets. Experiment 1 used a 6 × 2 × 2 factorial arrangement and was conducted with broilers in floor pens during the grower phase (19 to 42 d). Diets were mixed with 6 levels of dietary Ca (0.325, 0.4, 0.475, 0.55, 0.625, and 0.9%) and 17 or 23% CP and fed to males and females separately. Experiment 2 was a 6 × 2 factorial design conducted using Petersime battery brooders during the starter phase (0 to 16 d). The same 6 levels of dietary Ca used in experiment 1 were fed separately to each sex, but only at the 23% level of CP. The diets used in both experiments were formulated to contain 0.45% nonphytin phosphorus. In experiment 1, grower chickens
INTRODUCTION
Commercial broilers are rarely, if ever, fed the Ca levels recommended by the 1984 or 1994 NRC committees. The average Ca content of broiler feed, as estimated from more than 100 commercial feed mills in the United States, was calculated to be 0.90, 0.82, 0.77, and 0.72% for the prestarter and starter (0 to 18 d), grower (18 to 33 d), first withdrawal (33 to 40 d), and final withdrawal (40 to 50 d) feeds, respectively (Agri Stats, 2004) . The NRC (1984 and 1994) recommendations are 1.00, 0.90, and 0.80% for the starter (0 to 21 d), grower (21 to 42 d), and finisher (42 to 56 d) feeds, respectively.
Actual Ca intakes are probably at least 20% below recommendations. Mineral requirements for broilers in the 1984 and 1994 NRC publications are based on the requirements of approximately 1.8-kg birds consuming 2 units of feed for each unit of gain [feed conversion ratio (FCR) = 2]. Furthermore, the 1984 male broiler weighed 2.925 kg at 9 wk and consumed 6.650 kg of feed (FCR = 2.27) and 57 g of Ca. The 2004 male broiler at the same weight would be closer to 6 wk old, and would consume 5.899 kg of feed 2005 Poultry Science Association, Inc. Received for publication December 19, 2004 . Accepted for publication June 30, 2005. 1 To whom correspondence should be addressed: jdriver@jax.org.
1629
did not demonstrate significant body weight gain (BWG) or feed conversion ratio (FCR) response (g of feed per g of gain) to the different levels of Ca at either level of protein. The percentage tibia ash did not respond to increasing Ca levels beyond 0.625% Ca at either protein level. In experiment 2, BWG increased linearly up to 0.55 and 0.625% dietary Ca for males and females, respectively. Feed conversion ratio decreased linearly with increasing dietary Ca up to 0.625% Ca, and tibia ash was highest at 0.9% Ca for both sexes. These results suggest that the current NRC Ca requirements for the broiler starter (1.0%) are sufficient for maximum bone ash, but that Ca requirements for grower birds (0.9%) may be excessive for optimum BWG, FCR, and tibia ash.
(FCR = 2.02) and 51 g of Ca, roughly 11% less than the 1984 broiler because of changes in feed use efficiency.
The amount of Ca in the diet has important economic implications. Apart from the fact that inorganic Ca sources replace other ingredients in the diet, excess dietary Ca interferes with the availability of other minerals, including phosphorus, magnesium, manganese, and zinc (NRC, 1994) . High levels of Ca may reduce the energy value of the diet by chelating a portion of the available lipid fraction, thus rendering some lipids unavailable for absorption (Pepper et al., 1955; Edwards et al., 1960) . Decreasing the amount of Ca in the broiler diet may improve performance and increase profitability; however, this should not be at the expense of increased leg problems.
Calcium requirements for broiler chickens have been studied extensively over the last 75 yr; however, most publications have reported requirements for young chicks (Formica et al., 1962; Edwards et al., 1963; Mehring, Jr. and Titus, 1964; Gardiner, 1971; Halley et al., 1987; Shafey et al., 1990; Williams et al., 1999) or from hatch to slaughter without taking into account different Ca requirements during the different phases of production (Bethke et al., 1929; Hart et al., 1930; Wilgus, Jr., 1931; Nowotarski and Bird, 1943; Simco and Stephenson, 1961; Edwards et al., 1963; Mehring, Jr. and Titus, 1964; Twining et al., 1965; Hurwitz et al., 1995; Rama Rao et al., 2003) . It has not been until relatively recently that separate requirements have been established for the grower (21 to 42 d) phase of production (NRC, 1984) . The NRC (1984) requirement for Ca during the grower phase is largely based upon studies conducted by Yoshida and Hoshii (1982a,b) and Waldroup et al. (1974) , both of which showed that Ca was required at significantly greater concentrations in the diet for maximum bone mineralization compared with growth.
The objective of the current work was to reevaluate the Ca requirements of the modern broiler chicken during the starter (0 to 18 d) and grower (19 to 42 d) phases of production using diets with graded levels of Ca. Furthermore, diets during the grower phase were formulated to contain either a low (17%) or a high (23%) level of protein, for poor and superior feed efficiency, to emulate the effect on Ca requirements of the superior feed efficiency of the modern broiler compared with older, less efficient broilers.
MATERIALS AND METHODS

Experiment 1
Experiment 1 was a 6 × 2 × 2 factorial with Ca level, protein level, and sex as the 3 factors, respectively. The 12 treatment diets were mixed individually. Diets were formulated to contain 6 levels of Ca (0.325, 0.4, 0.475, 0.55, 0.625 , and 0.9%) with 17 or 23% protein, and fed to males and females separately. Limestone and monocalcium phosphate were used to obtain the different levels of dietary Ca while maintaining a constant level of 0.45% nonphytin P (nPP). Levels of all nutrients except Ca and protein were formulated to be identical for all diets.
At the start of the experiment, 1,680 1-d-old Cobb × Cobb broiler chicks were sexed, placed in floor pens, and fed a standard corn-soybean meal-based crumbled starter diet formulated according to NRC (1994) recommendations. On d 19, chicks were weighed and randomly allotted to the 12 dietary treatments. Males and females were fed the diets in separate pens (32 chicks per pen) making up 24 treatment combinations with 2 replicate pens per treatment. Feed and water were provided for ad libitum consumption. Diets were analyzed for Ca content using the Technicon Auto-Analyzer 2 methodology as described by Hill (1965) . Samples of each diet were obtained from every other 23-kg bag mixed using a core-sampling probe. The samples were then reduced using a feed sample divider and finely ground through a 1-mm sieve. Two to four grams of each sample was then weighed into a crucible and ashed at 600°C in a muffle furnace overnight. Samples were then cooled, and 10 mL of concentrated HCl was added. The crucibles were then placed on a 100°C hotplate for 10 min after which samples were again cooled and 10 mL of deionized water was added. Samples were then filtered through 2 Technicon Auto-Analyzer, Technicon Corp., Tarrytown, NY. Calculated from NRC (1994) . All values except ME are percentages.
Whatman 541 filter paper before being loaded into the Technicon Auto Analyzer. Table 1 lists the 17 and 23% CP diets for the 0.325% level of Ca.
Body weight and feed consumption were measured and body weight gain (BWG) and FCR calculated from 19 to 42 d. Birds were killed by carbon dioxide asphyxiation on d 42, and 3 birds per pen were randomly selected. The left tibias of these birds were collected for percentage bone ash determination; and right tibias were sliced and scored for the incidence and severity of rickets and tibial dyschondroplasia (TD) according to the method described by Edwards and Veltmann (1983) . Using this method, the growth plate of each bone is assigned a score from 0 to 3 according to the severity of the rickets and TD, with 3 being the most severe.
Experiment 2
Experiment 2 was a 2 × 6 factorial arrangement with sex and Ca level as the 2 factors, respectively. The dietary treatments were fed by sex from 0 to 16 d and contained 1 of 6 Ca levels (0.325, 0.4, 0.475, 0.55, 0.625, and 0.9%) .
Three hundred eighty-four Cobb × Cobb 1-d-old broiler chicks were sexed, weighed, and randomly allotted to the treatment diets in Petersime wire-floored battery brooders. The feed used for experiment 2 was the same high protein Table 2 . Body weight gain (BWG), feed intake, feed conversion ratio (FCR), and percentage tibia ash of broilers fed diets containing 6 levels of calcium (Ca) (23% CP) feed used for experiment 1 (Table 1) . Each of the 6 dietary treatments was fed to 4 replicate pens of 8 birds each. All feed and water were provided ad libitum. On d 16, BW and feed consumption were measured, and BWG and FCR were calculated. Chicks were then killed by carbon dioxide asphyxiation and left tibias were collected from all birds for percentage bone ash determination, whereas right tibias were scored for the incidence and severity of rickets and TD as described for experiment 1.
Statistical Analysis
Data were analyzed by the GLM procedure of SAS (version 8, SAS Institute, 2001) , and means were compared by Duncan's new multiple range test (Duncan, 1955) .
The broken-line model was fitted using the nonlinear model procedure of SAS (SAS Institute, 2001 ) to estimate the 0 to 16 d Ca requirement where:
where max = plateau, rc = rate constant, req = requirement, x = level, and I = 1 when x = req, otherwise I = 0.
RESULTS
Experiment 1
No significant interactions were obtained between sex and protein level or Ca level for the variables BWG, feed intake, FCR, and percentage tibia ash; therefore, sex was not included in the data summarized in Table 2 and Figure  1 . Feeding the 23% vs. the 17% protein diet from 19 to 42 d improved the FCR of the broiler chickens by approximately 15 points (Table 2) . Differences in FCR were apparently due to feed consumption as both levels of protein resulted in a similar BWG (P > 0.05). The percentage tibia ash was not affected by protein level in the diet (Table 3) .
The birds did not demonstrate a significant BWG or feed intake response to different levels of Ca, but FCR decreased quadratically (P < 0.02) up to 0.55 and 0.475% Ca for the 17 and 23% protein levels, respectively (Figure 1 ). The percentage tibia ash did not respond to increasing Ca levels beyond 0.625% dietary Ca for birds fed either protein level. The Ca intake per kilogram of BWG and per gram of tibia ash for birds fed the 23% protein diet was lower than for birds fed the 17% protein diet (Table 3 ). These differences were more pronounced at the higher Ca levels. A significant sex × Ca level interaction was observed for Ca intake per gram of tibia ash, with males consuming more Ca per gram of tibia ash at the highest level of Ca (0.9%).
No incidence of Ca rickets or TD was found in birds killed at the conclusion of experiment 1. 
Experiment 2
Chick BWG, feed intake, FCR, and percentage tibia ash improved quadratically with increased dietary Ca (Table  4) . A difference between sexes was found for the same variables with the exception of FCR. Using the broken-line model, the Ca requirement for BWG was found to be lower for males (0.49% ± 0.11) vs. females (0.62% ± 0.18), whereas percentage tibia ash was higher for males (0.72% ± 0.06) than for females (0.60% ± 0.00) (Figure 2 ). Calcium requirements for FCR were very similar for both males and females (0.63% ± 0.40 vs. 0.61% ± 0.19 for males and females, respectively; Figure 2) .
The regression equations calculated for Ca rickets score and incidence resulted in interactions between sex and Ca level that were statistically significant only at the P < 0.1 level (P = 0.0904 and P = 0.0672 for score and incidence, respectively; Table 5 ). Calcium rickets was induced at the lower levels of Ca, but more so in male broiler chicks. Tibial dyschondroplasia appeared only in males and at a very low incidence (Table 5) .
Quadratic and linear increases in the amount of Ca consumed per unit of BWG and tibia ash, respectively, were observed with increasing Ca levels, but no difference between males and females was found (Table 6 ). The amount of Ca consumed by the chicks per gram of tibia ash was similar to that measured for the 19-to 42-d-old birds in experiment 1; however, approximately twice as much Ca was consumed per kilogram of BWG (Table 3 vs. Table 6 ). No significant mortality was recorded in this experiment or in experiment 1.
In-Feed Assay of Ca
The experimental diets were formulated to contain different levels of Ca using the NRC (1994) ingredient composition tables. Diets were then analyzed according to the Technicon Auto-Analyzer method for determination of Ca in the feed (Hill, 1965) . Figure 3 illustrates the analyzed vs. formulated Ca values for the current study (experiments 1 and 2) as well as 10 additional experiments (experiments A to J in Figure 3) conducted and analyzed at the same research facilities at the University of Georgia Poultry Science Department (Athens, GA). Linear and quadratic regression equations were fitted to the data from experiments 1 and 2, and high coefficients of determination were obtained for both (R 2 = 0.88 and 0.95 for the linear and quadratic equations, respectively). A comparison of the regres- Figure 2 . Calcium requirements as determined using the broken line analysis using body weight gain (BWG), feed conversion ratio (FCR) and percentage tibia ash of male (▲) and female (᭝) broiler chicks fed 6 levels of dietary calcium from 0 to 16 d. Values within variables with no common superscripts differ significantly (P < 0.05) when tested with Duncan's Multiple Range Test following ANOVA. Treatment and main effect means were tested separately.
1
Values are means ± standard errors. Reps = replicates.
2
Rickets and tibial dyschondroplasia (TD) were scored 0, 1, 2, or 3 with 3 being the most severe (Edwards and Veltmann, 1983). sion equations with the line of perfect agreement in Figure  3 shows that at higher levels of dietary Ca, the Technicon Auto-Analyzer method for determination of Ca concentrations proved accurate. However, when the diets containing low levels of Ca were tested, the analyzed Ca values were as much as 0.175% higher than the predicted values. The same trend was found when the diets fed in experiments A, B, and H were analyzed. However, the Technicon AutoAnalyzer method proved to be an accurate estimator of predicted values for the remaining 7 experiments at both high and low concentrations of Ca, and a high overall correlation (r = 0.96) was obtained when all data points were used in the regression.
DISCUSSION
It is difficult to ascertain whether the analyzed Ca values at the lower predicted or formulated values are accurate. However, as the higher Ca diets were accurately analyzed and all diets were mixed using the same ingredients, it seems likely that the low Ca diets did contain the correct predicted levels of Ca and that the discrepancy between the analyzed and predicted values was due to sampling error or overestimation at low Ca concentrations. Calculated Ca and nPP values were therefore used to report the results of the current work. Sample sizes were apparently outside the technique's range in the first experiment, because when 2 to 10 times the recommended quantity of feed was used for low Ca diets in subsequent experiments, better estimates of predicted values were obtained (Figure 3) .
The 19-to 42-d-old broiler chickens in this study appeared to be highly efficient at utilizing Ca for growth (Ca intake/kg of BWG) at low levels of dietary Ca (0.325 to 0.625% Ca) compared with the same chickens receiving high levels of dietary Ca (0.90%) ( Table 3 ). This improved efficiency might have been due to increased intestinal absorption of Ca as a result of up-regulation of plasma and intestinal 1,25-dihydroxycholecalciferol concentrations (Morrissey and Wasserman, 1971 ; Montecuccolli et al., 1977) with a consequent increase in the concentration of duodenal calbindin, a protein which lines the gut and binds Ca from the lumen (Hunziker et al., 1982) . Higher Ca absorption efficacy with decreasing levels of dietary Ca may explain why the Ca requirements for 19 to 42 d BWG, feed intake, and percentage tibia ash were below the range of Ca levels tested (0.325 to 0.90%) and therefore could not be determined (Table 2, Figure 1 ).
The significant (P < 0.05) protein by Ca interaction observed for Ca intake per unit of BWG and bone ash appears to be due to the more efficient use of Ca for growth and bone mineralization at the higher levels of Ca when birds were fed the 23% compared with the 17% protein diet (Table 3 ). This higher efficiency may be due to up-regulation of calbindin in the more feed-efficient birds fed the 23% protein diet to compensate for lower feed intake. Consequently, more of each gram of Ca consumed by the birds on the 23% protein diet would be absorbed.
Calcium requirements for the 0-to 16-d-old chicks, calculated using the broken-line model and based upon the variables BWG, FCR, and percentage tibia ash, were well below the level recommended by the 1984 NRC (1.00%) when dietary nPP was maintained at the recommended 0.45% (Figure 2 ). Significant differences were found between sexes; for females, requirements for BWG (0.62% ± 0.18) and percentage tibia ash (0.60% ± 0.00) were found to be similar, in contrast to reports by Waldroup et al. (1974) and Yoshida and Hoshii (1982a) that show requirements for bone mineralization to be substantially higher than those for growth. Although the analysis for males was less accurate than for females due to insufficient data around the break point (Figure 2) , requirements for males for percentage tibia ash were considerably higher than for BWG (0.72% ± 0.06 vs. 0.49% ± 0.11 for percentage tibia ash vs. BWG, respectively). The reason for the difference between sexes may have been due to insufficient Ca for mineralization of the larger bones of the more feed-efficient male (P = 0.1574 for FCR), which achieved significantly (P < 0.05) higher weight gains than females when fed low levels of Ca (Table 4 ). This would also explain why male chicks displayed more severe symptoms of Ca rickets (Table 5) , a disease characterized by insufficient mineralization of the growth plate due to inadequate Ca in circulation (Long et al., 1984) . In contrast, TD, a bone disease that is induced by low levels of Ca (Edwards and Veltmann, 1983) was largely undetected in this experiment (Table 5) .
A portion of the higher Ca efficiency for BWG and bone ash of the young chicks in experiment 2 compared with the older chickens in experiment 1 may have been due to the up-regulation of calbindin in response to improved feed efficiency to compensate for lower Ca intake. The young chicks consumed approximately half as much Ca per kilogram of BWG from 0 to 16 d compared with the older chickens (19 to 42 d old) in experiment 1 at all Ca levels tested (Table 3 vs. Table 6 ). Bar et al. (2003) reported that the growing chicken between the age of 29 and 43 d retained the same accelerated adaptive mechanisms developed in the first few days of life when calbindin was used as an indication of adaptability to Ca status. In an earlier experiment, however, Bar and Hurwitz (1981) found a rapid decline in adaptive capacity using the same breed of chicken. In the current work, there are some data indicating that young chicks may be better able to adapt to low dietary Ca compared with older chickens (Table 3 vs. Table  6 ). The Ca intake per gram of tibia ash was low at low levels of dietary Ca for the 0-to 16-d-old chicks and increased linearly with increasing dietary Ca, but for the 19-to 42-d-old chickens, Ca intake per gram of tibia ash was higher at the low Ca levels compared with the younger chicks and did not increase with increasing dietary Ca except at the highest level (0.90% Ca). However, it is beyond the scope of this study to state whether the differences in Ca efficiency between young and old birds were due to differences in their capacity to absorb more Ca at low dietary Ca concentrations.
It is also difficult to explain why the Ca intake per gram of tibia ash remained relatively constant in both experiments, whereas the Ca intake per kilogram of BWG was substantially higher in older birds compared with chicks (Table 3 vs. Table 6 ). If the adaptive capacity was greater for the young chick, less Ca should have been consumed per gram of tibia ash compared with the older birds. A possible explanation is that more Ca may be required per gram of bone ash during the early phases of development for the mineralization of cartilage, diminishing any superior capacity the chick may have had to absorb more Ca. In the older chicken, less Ca is probably partitioned to bone as the cartilage has already been mineralized.
In summary, contrary to expectations, the modern fastgrowing broiler chickens used in this study did not demonstrate higher requirements for Ca during the grower phase (19 to 42 d) than those suggested by the 1984 and 1994 NRC guidelines for 3 to 6 wk. This was in spite of the fact that the birds demonstrated feed efficiencies that were much better than average values for birds of the same age reported by the NRC (1994), especially when fed the 23% protein diet. Current NRC (1994) recommendations for Ca (0.9%) were excessive irrespective of sex or whether a less feed-efficient protein level (17% CP) or a more efficient protein level (23% CP) was fed. One reason why Ca requirements were so low might be due to the increased efficiency with which the Ca consumed was used for BWG and bone ash at low dietary Ca concentrations. In addition, the chickens used in this experiment were fed a starter diet from 0 to 19 d containing Ca and nPP levels sufficient to optimize bone ash. Had the starter diet contained less Ca, the amount of Ca required to achieve optimum bone ash in the grower phase would almost certainly have been higher (Nelson et al., 1990) .
Calcium requirements determined for 0-to 16-d-old chicks suggest that current NRC (1994) recommendations for Ca (1.0%) are adequate for maximum bone ash but excessive for all other variables measured. Both BWG and FCR were optimized at or below 0.625% dietary Ca. Furthermore, significant sex differences were observed; males appeared to require more Ca than females to maximize tibia ash but less Ca to optimize weight gain.
It must be pointed out that the Ca requirements determined in these studies were obtained at a dietary nPP level of 0.45% as recommended by the NRC (1984, 1994) ; alternative levels of nPP would result in different Ca requirements.
